Introduction
[2] This study is motivated by recent hypotheses that invoke a link between North Atlantic cooling with changes to the Southern Hemisphere (SH) climate to explain the sequence of events that occurred during deglaciation, and ice age variations in general [Anderson et al., 2009; Toggweiler and Lea, 2010] . According to Anderson et al. [2009] , SH wind-driven upwelling was enhanced during the last deglaciation, the timing of which coincided with the Heinrich Event I in the North Atlantic. Toggweiler and Lea [2010] extended this idea by invoking the temperature contrast between the hemispheres as key to driving ice age climate variations. Both Anderson et al. [2009] and Toggweiler and Lea [2010] hypothesized that changes in the wind-driven upwelling in the Southern Ocean was triggered by remote North Atlantic cooling. They inferred a southward shift of Intertropical Convergence Zone (ITCZ) introduced by cooling in the Northern Hemisphere (NH), which in turn caused an increase in wind stress at the latitude of Drake Passage. This led to increased Southern Ocean upwelling, stronger deep ocean ventilation, and release of CO 2 from ocean to the atmosphere.
[3] The modern Southern Ocean circulation is characterized by Antarctic Circumpolar Current (ACC) that circles the globe around Antarctica, and a belt of oceanic upwelling along the Antarctic Divergence that brings Circumpolar Deep Water (CDW) to the surface south of Antarctic Polar Front. The position and strength of the SH midlatitude surface westerlies are important to both the ACC and upwelling strength. An increase of the westerlies over the ACC region, especially over latitudes of Drake Passage, strengthens the volume transport of ACC, and intensifying upwelling as a result of Ekman divergence Samuels, 1995, 1998 ]. A meridional gradient of westerly wind stress in the latitudes of Drake Passage generates a divergent northward Ekman transport, which cannot be compensated by shallow geostrophic return flow, nor from south of Drake Passage, and therefore leads to upwelling from depths below the highest bathymetric ridge [Toggweiler and Samuels, 1995, Figure 1] . From the perspective of the global carbon cycle, it is notable that the Ekman-driven upwelling draws waters from the deep ocean, since that carbon reservoir is approximately 60 times the size of the preindustrial atmosphere. Therefore, even a small change in the deep ocean carbon reservoir can lead to a significant variation in atmospheric pCO 2 . Furthermore, the deep ocean carbon reservoir has the right timescales of change to explain the glacial-interglacial CO 2 variation (as compared with other major carbon reservoirs, that is, terrestrial biosphere, surface ocean, lithosphere). Since the deep ocean is ventilated in the Southern Ocean in the form of CDW upwelling, it has been a focus of a number of studies that tried to explain the CO 2 puzzle. Indeed, a set of early box model studies [Knox and McElroy, 1984; Siegenthaler, 1983; Sarmiento and Toggweiler, 1984] firmly placed Southern Ocean ventilation in the center of the glacial-interglacial CO 2 puzzle. It is perhaps not surprising then that the strength of the Southern Ocean upwelling appears to be tightly coupled with glacial-interglacial and millennium-scale variations of atmospheric CO 2 in geological records [Petit et al., 1999; Siegenthaler et al., 2005; Ahn and Brook, 2008] .
[4] The Southern Ocean wind-driven upwelling was apparently very different from present day during the last glacial period and deglaciation. Indirect climate proxies suggested variations in the Southern Ocean upwelling having influenced, or even triggered, deglaciation: ice core CO 2 levels were synchronously correlated to Antarctic temperature [Ahn and Brook, 2008] , and depleted carbon isotopic signal observed in marine sediments indicating an increase of depleted deep sea source, likely due to enhanced upwelling [Spero and Lea, 2002; Marchitto et al., 2007] in particular from Southern Ocean [Lourantou et al., 2010; Rose et al., 2010] . Recently, Anderson et al. [2009] reported the first direct evidence showing an enhanced upwelling in the Southern Ocean during the termination of the last ice age and during cold episodes in the North Atlantic. This record is remarkable because it directly links increased ventilation of deep water to the deglacial rise in atmospheric CO 2 , and it led Anderson et al. [2009] to hypothesize the aforementioned linkage between North Atlantic cooling, SH winds and deglacial CO 2 rise.
[5] The linkage between Southern Ocean westerlies and upwelling during deglaciation has been previously proposed to explain the deglacial atmospheric CO 2 rise [Toggweiler et al., 2006] . Specifically, they proposed that weaker southern westerlies or westerlies shifted equatorward of their modern position would limit CDW ventilation; sequester more CO 2 in the deep ocean, and lower atmospheric pCO 2 . Applying steady westerlies to their model, they found a model state that flipped back and forth between ventilation "on" and "off" states; the pCO 2 variation between the two states was approximately 40 ppm. Subsequently Menviel et al.
[2008] and Tschumi et al. [2008] investigated the effect of variable westerlies in their ocean models and found much smaller pCO 2 changes. One reason for the different pCO 2 amplitude was the incorporation of the "downstream effect," where marine biology was able to respond to changes in nutrient redistribution that accompanies changes to the westerlies.
[6] Toggweiler et al. 's [2006] view was that the position of the Southern Ocean westerlies was controlled by the relative warmth (i.e., mean temperature) of Earth's climate, and not by the ITCZ: cold glacial climates implied a shift of westerlies equatorward and away from the latitude band of the Drake Passage, thereby reducing CDW ventilation and atmospheric pCO 2 . Thus, their mechanism relied on a positive feedback between global temperature, deep ocean upwelling, and atmospheric CO 2 . However, this feedback did not explain how the deglacial rise of CO 2 was triggered. Anderson et al. [2009] offered a different view, and also a trigger: the increase in SH westerlies took place prior to the CO 2 rise, as a consequence of North Atlantic cooling.
[7] Our study explores this hypothesis proposed by Anderson et al. [2009] . To this end, we present results from a series of simulations with a coupled atmosphere-ocean model in which North Atlantic cooling were imposed. After explaining our methodology in section 2, we present our simulation results in section 3. We will show that the imposed cold anomaly in the North Atlantic significantly strengthened SH midlatitude westerlies, and is most pronounced over the Pacific sector of the Southern Ocean during austral winter. The simulated wind stress potentially may increase atmospheric pCO 2 by 20-60 ppm as estimated by an Earth system model with dynamical marine biogeochemical cycle. To better understand the wind response, we examine the position of the ITCZ and Hadley circulation response of the model to the imposed North Atlantic cooling (section 4). Based on these results, we hypothesize a pathway that transmits the North Atlantic climate signal to the Southern Ocean (section 5). In section 5, we also summarize our model results and discuss simulated climate sensitivity and the relationship with other existing hypotheses.
Method and Model Description
[8] The model we use, as by Chiang et al. [2009] , is the Community Climate model version 3.6 (CCM3) running at T42 resolution coupled to a 1.5 layer reduced gravity ocean (RGO) with a resolution of 2 × 1 degree in longitudelatitude (hereafter referred to as the CCM3-RGO). The CCM3 is a widely used atmospheric model consisting of a spectral dynamical core and full physics package including radiation, convection, boundary layer, and a diagnostic treatment of clouds, as well as a prescribed land surface and sea ice [Kiehl et al., 1998 ]. The 1.5 layer reduced gravity ocean model had been extensively used for simulating coupled tropical ocean processes; the version used in this model is same as the one documented by Chang [1994] except that it uses a time-fixed but spatially varying mixed layer depth estimated from Levitus data, resembling the observed annual mean mixed layer depth and the variation of entrained subsurface temperature is parameterized in terms of variation of thermocline depth using a multivariate linear relationship [Fang, 2005] . Furthermore, the reduced gravity ocean has been extended to simulate the entire global ocean (and not just the tropics); and poleward of 30°N and S, the parameterized influence of thermocline depth variations on the temperature of entrained upwelling water is switched off, since that mechanism is not important for determining extratropical sea surface temperature (SST) anomalies. An annual-mean flux correction is applied to the surface layer of the ocean model, to allow the simulated SST annual mean climatology to reasonably match the observed SST. It should be noted that while the model gives a good representation of tropical ocean-atmosphere coupled interactions (indeed, it was designed to do so), it does not simulate intermediate and deep meridional overturning circulations. We refer to Fang [2005] and Chiang et al. [2009] for details of the ocean model and coupling, as well as the fidelity of the model simulations.
[9] We completed two simulations with and without cooling in the North Atlantic. The simulation without cooling (hereafter the BASE experiment) has modern-day orbital settings, greenhouse gases, and sea ice extent. In addition, we also included the Last Glacial Maximum (LGM) ice sheet land boundary condition as reconstructed by Peltier [2004] , but applying only 75% of its full thickness. The rationale for applying this condition was to mimic the late glacial conditions when most Heinrich events occurred; from experience, we found that the ice sheet was the dominant LGM forcing in changing the spatial structure of the climate base state. The simulation with cooling (HE experiment) has identical boundary conditions as in BASE but has additional cooling in the North Atlantic region; we regard this as a representation of the deglacial Heinrich Event I climate. We prescribed cooling in the model by adding a uniform cooling flux term of magnitude 120 W/m 2 in the ocean mixed layer of the North Atlantic, north of 25°N. The magnitude of cooling is somewhat high, but was chosen so that the simulated changes to the SST in the North Atlantic are comparable to paleoproxy estimates of cooling during Heinrich Event I (see section 3.1). Sea-ice cover in the CCM3-RGO is imposed, so the CCM3-RGO does not possess the positive ice-albedo feedback that would amplify North Atlantic cooling; the larger imposed cooling flux imposed here is in part to compensate for this. Finally, we note that we also repeated the simulations using the presentday basic state (without applying the ice sheet boundary conditions), and found that the SH climate response to the North Atlantic cooling was qualitatively the same.
[10] We use the comparison between BASE and HE experiments in this study to explore the climate response to North Atlantic cooling. After analyzing BASE and HE experiments, additional North Atlantic cooling experiments (at smaller cooling magnitudes) were conducted to examine climate sensitivity (see section 4.4). All model results described throughout the paper are obtained by running CCM3-RGO for 35 years, discarding the first 15 years as spin-up and averaging over the last 20 years of model integrations. The climate responses, specifically surface temperature and wind stress, to the imposed forcing occurs quickly over model years 1-10 then reach a quasi-stable state after that.
3. Southern Hemisphere Response to North Atlantic Cooling 3.1. Surface Air Temperature
[11] The imposed cooling in the HE simulation lowers mean annual surface temperature in the North Atlantic by up to 12°C. There is also cooling throughout the Northern Hemisphere, averaging around 4°C. The boreal summer temperature response is similar to annual mean with the cooling area further extended in Atlantic. By comparison, surface air temperature in the SH remains relatively unchanged (Figure 1a) . The hemispheric response to the NH cooling agrees with previous studies that most of the temperature responses were restricted in the hemisphere where forcing imposed [Manabe and Broccoli, 1985; Chiang and Bitz, 2005; Broccoli et al., 2006] .
[12] Simulated surface air temperature difference between the HE and BASE is comparable to paleotemperature estimates during Heinrich I. The mean annual cooling near Bermuda (32°N; 65°W) in the North Atlantic in HE experiment is ∼10°C compared to that in BASE. This is similar to a proxy estimate of SST change at Bermuda Rise [McManus et al., 2009] , where the mean annual SST was estimated to have been cooler than the background glacial state by up to 10°C during Heinrich Event I. Although the surface air temperature around Heinrich Event I is not definitively known, the North Atlantic cooling obtained in the HE simulation is a plausible representation of Heinrich Event I cooling.
Southern Ocean Wind Response
[13] A striking feature in the HE experiment in comparison to BASE is a significant increase in the Southern Ocean surface wind stress between 45°S and 60°S during austral winter. The increase occurs throughout the year but is most pronounced from late May to early September ( Figure 2a ). This increase occurs despite the fact that the surface temperature in the SH remains largely unchanged ( Figure 1a ). The surface wind changes are linked to midtropospheric and upper tropospheric wind changes, including a weakened upper tropospheric subtropical jet (around 20°S-40°S) and enhanced midlatitude westerlies (Figure 2b ). At the center of the midlatitude anomalies (55°S-60°S), the westerlies increase by ∼25% from BASE to HE. Changes in the latitudinal coverage of the midlatitude surface westerlies (35°S-65°S) do not differ substantially between experiments. The position of maximum surface westerlies strength either remains the same or shift by one grid cell in either latitudinal direction; because of the relatively coarse latitudinal resolution (2.5°) of the atmospheric model, we are unable to resolve small changes to the latitudinal position of the midlatitude surface westerlies. Geographically, the increase in the midlatitude surface westerlies is most pronounced over the Pacific sector of the Southern Ocean ( Figure 2c ). As we shall show, the seasonal and regional response of the SH wind stress anomalies are a consequence of variations to the Hadley circulation caused by remote cooling in the North Atlantic (see section 4).
Anomalous Southern Ocean Wind Stress and Atmospheric pCO 2
[14] In order to explore how the simulated wind stress anomalies impact atmospheric pCO 2 , we used the simulated anomalies to force an Earth system model of intermediate complexity. The Earth system model is MESMO (Minnesota Earth System Model for Ocean biogeochemistry) [Matsumoto et al., 2008] , which has a three dimensional dynamical ocean model coupled to an energy moisture balance model of the atmosphere and dynamic and thermodynamic model of sea ice. Marine biogeochemistry in MESMO includes prognostic ocean export production of organic carbon, pH-dependent carbonate export production, temperature-dependent remineralization, and wind speeddependent gas exchange. In the control run of MESMO, the annual production of organic carbon and CaCO 3 as well as seasonal variation in sea ice match observations well. As described in detail elsewhere [Matsumoto et al., 2008] , MESMO is well calibrated in terms of uptake of transient tracers: chlorofluorocarbons, anthropogenic carbon, and radiocarbon. These tracers have been become standard metrics to evaluate the skill of carbon cycle models through the multinational Ocean Carbon Cycle Model Intercomparison Project [Matsumoto et al., 2004] .
[15] Here we forced MESMO with the global monthly fields of the simulated CCM3-RGO wind stress anomalies (HE minus BASE). The anomalies were added to the monthly variable wind stress fields from ECMWF that ordinarily drives the dynamical ocean of MESMO. With the anomalies Figure 3b ). The magnitude of this change is comparable to the ∼20 ppm increases during Heinrich events 3-6 as recorded by the Antarctic ice cores [Ahn and Brook, 2008] . We also note that the simulated wind stress anomalies occur in the austral winter, the season when Southern Ocean upwelling is strongest today. The model results are consistent with the interpretation that the increase in surface wind stress enhances the CO 2 flux out of the ocean through enhanced Ekman upwelling in the Southern Ocean.
[16] In order to elucidate further the mechanisms of atmospheric CO 2 increase, we ran another MESMO experiment with the same wind stress anomalies applied but with biological production held constant, so that full impact of the physical mechanism can manifest without biology offsetting or enhancing the physical signal. In both experiments, stronger winds cause CDW upwelling that brings CO 2 as well as nutrients to the surface. In the first experiment (responsive biology), the excess surface nutrients fueled biological production (global mean organic carbon export production increased from 11.9 to 15.5 pg C/yr), offsetting the full impact of deep ocean ventilation, and dampening the rise in atmospheric pCO 2 to 20 ppm. This offset is effectively the downstream effect, which accounts in part for the smaller than expected pCO 2 changes found by Menviel et al. [2008] and Tschumi et al. [2008] vis-à-vis Toggweiler et al. 's [2006] 40 ppm change. In our second experiment, biology was not allowed to respond (export production remained at 11.9 pg C/yr), so that the excess nutrients remained unused, raising the preformed nutrient concentration, and atmospheric pCO 2 rose by almost 60 ppm (Figure 3a , red line). This removed the downstream effect entirely, which Toggweiler et al. [2006] attempted to do using diagnostic production, whereby surface phosphate concentrations were restored to a fixed field. We clarify that MESMO has a more mechanistic prognostic production, so that the increase in production from 11.9 to 15.5 pg C/yr in 2 ) over the ocean. In the presence of North Atlantic cooling, surface wind stress over the Southern Ocean increases significantly between 45°S and 60°S during austral winter, especially in the Pacific sector. the first experiment is not the result of simple nutrient restoring but to relieving nutrient limitation to a significant degree in a Michaelis-Menton uptake kinetics.
[17] While the second experiment (60 ppm) demonstrates the theoretical idea proposed by Toggweiler et al. [2006] , the first experiment (20 ppm) may be more realistic because it accounts for the downstream effect. However, the response of marine biology in the Southern Ocean to wind forcing is really unknown and unconstrained by observations. If biology were able to keep up with physics, then the atmospheric pCO 2 response would be closer to 20 ppm; if not it would be between 20 and 60 ppm in MESMO. The exact magnitude of CO 2 response is likely to be model-dependent, but the basic behavior as outlined above appears reasonable and consistent with expectations. This indicates that simulated wind stress anomaly, in response to North Atlantic cooling, is able to increase the CO 2 flux from the deep ocean reservoir to the atmosphere.
[18] We note that MESMO in this study was set up for present day instead of deglacial conditions: modern surface fluxes are imposed as boundary conditions, and MESMO parameters were calibrated using present-day tracer distributions (e.g., 14 C and CFCs). During deglaciation and glacial periods, many aspects of the climate system, such as sea ice coverage [e.g., Crosta et al., 1998 ] and ocean stratification [e.g., Francois et al., 1997] , were likely quite different from the modern. Furthermore, in a glacial state upwelling deep waters should have had higher carbon content than that in present day. By using the modern model set up, we may have underestimated atmospheric pCO 2 changes, ×  10 12 ; CI, 0.2 mol C/yr) difference in map view. The increase in wind stress from BASE to HE experiments increases CO 2 flux out of the Southern Ocean, increasing the atmospheric pCO 2 by ∼20 ppm in the responsive biology simulation. and so some caution is warranted regarding the 20 ppm match between the MESMO response and the change observed ice cores during Heinrich events.
Proposed Mechanism for North-South Climate Connection
[19] In this section, we propose an atmospheric teleconnection mechanism that links North Atlantic cooling to increased Southern Ocean surface westerlies. The bridge, we argue, is the tropical ITCZ response and how the resulting Hadley circulations changes lead to changes in the Southern Hemisphere westerlies. We discuss each in turn.
Southward ITCZ Displacement and Hadley Circulation Response
[20] North Atlantic cooling has a pronounced influence on tropical precipitation. While the surface air temperature changes in tropics are modest (generally < 1°C; Figure 1a) , tropical precipitation differs significantly between the BASE and HE runs (Figure 1b) . The sharp precipitation gradient in the deep tropics indicates a southward shift in the ITCZ over all three ocean basins, being most pronounced over the Pacific and Atlantic. The displacement of ITCZ is similar to other studies where cooling the high latitude in one hemisphere displaces the ITCZ toward the other hemisphere [Chiang and Bitz, 2005; Stouffer et al., 2006; Broccoli et al., 2006; Yoshimori and Broccoli, 2008 , Kang et al., 2008 . The ITCZ movement is primarily a response to a north-south surface pressure gradient: a colder NH in the HE experiment enhances a meridional surface pressure gradient across the two hemispheres that drives an anomalous southward equatorial flow and shifts the annual mean position of the ITCZ southward. Both the temperature and precipitation changes described here are statistically significant (using a Student's t test; not shown).
[21] Theoretical studies of the Hadley circulation have shown that a small meridional shift of the ITCZ (and thus the region of maximum upward vertical velocity) can significantly alter the intensity of the Hadley cells, and consequently the strength of the associated subtropical jets [Lindzen and Hou, 1988; Hou and Lindzen, 1992] . In response to highlatitude cooling, the mean annual position of the ITCZ in HE experiment moves south of that in BASE, and the Hadley cell in the NH (SH) becomes stronger (weaker) (Figures 4a and 4d) . The altered Hadley circulation implies an anomalous northward cross-equatorial heat transport by the atmosphere, presumably in partial compensation to the imposed North Atlantic cooling. The Hadley circulation response and the behavior of cross-equatorial energy transports is consistent with idealized AGCM studies of interhemispheric asymmetric forcing [Kang et al., 2009] , and is also seen in coupled model simulations of Atlantic thermohaline shutdown [Cheng et al., 2007] .
[22] The anomalous seasonal response of Hadley circulation differs from the mean annual picture, because of the dominance of the winter Hadley cell in the boreal and austral winter seasons. In June-July-August (JJA), the winter Hadley cell is substantially reduced in the HE simulation, both in terms of magnitude as well as meridional extent (Figures 4c  and 4f) . Specifically, the locus of uplift shifts into the Southern Hemisphere, and as a result the meridional extent of the winter cell shrinks. Cross-equatorial mass exchange is consequently reduced, implying that the southward crossequatorial heat transport during JJA is also reduced. In December-January-February (DJF), the winter cell strength is increased, and the locus of uplift shifts slightly southward; the meridional extent of the winter cell, however, is only slightly larger (Figures 4b and 4e ).
Strengthening of the Southern Hemisphere Midlatitude Westerlies
[23] We propose that the weakening of the JJA winter Hadley cell is what controls the simulated wind anomalies in the southern high latitude, via the former's control of the Southern Hemisphere subtropical jet. While the linkage between North Atlantic cooling and the response of the ITCZ/Hadley circulation is by now well established, a connection between the Hadley circulation to the Southern Hemisphere westerlies is not; this is a new aspect of our studies. In short, the weakened winter Hadley cell in JJA reduces the angular momentum transport from the tropics to the subtropics, thus weakening the southern subtropical jet. This subtropical jet weakening, we argue, allows for the strengthening of the southern midlatitude eddy-driven jet. We expand on this hypothesis below.
[24] The JJA subtropical westerlies exhibit pronounced weakening (zonal averaged ∼17%) in HE relative to BASE (Figure 2b ), and this weakening is associated with the reduced angular momentum transport by the weakened winter Hadley cell [Lindzen and Hou, 1988] . The zonal-mean zonal momentum equation for quasi-geostrophic motions can be written as (following Holton [2004, equation 10 .11])
where the overbar denotes zonal means, and primes denote the eddy terms; u and v are the zonal and meridional wind components, and X denotes the influence of unresolved turbulent processes ("friction"). In this, the weakening of the mean meridional circulation (v) decelerates the zonal-mean zonal flow, and which in the time mean is balanced predominantly by the reduced eddy momentum convergence (− @ u′v′ À Á Â Ã =@y). The changes of subtropical wind agree with changes of mean meridional circulation. Weakening of zonal wind occurs where v decreases, indicating reduced advection of planetary vorticity ( f v) by the zonal mean meridional wind. The driving of the subtropical jet by the mean meridional circulation is usually countered by the damping effect of eddies; unfortunately the fields necessary to compute eddy momentum convergence were not saved in our simulations. A detailed analysis of the dynamics of the zonal wind changes will be presented in an upcoming paper; here we simply outline our proposed explanation of the changes.
[25] How does weakening the subtropical jet lead to a strengthening in the midlatitude westerlies? Here we appeal to a mechanism, first proposed by Lee and Kim [2003] , which argues that baroclinic eddies are favored to grow along the subtropical jet when it is sufficiently strong. Motivated by observational considerations, Lee and Kim [2003] used an idealized model to examine the formation of baroclinic eddies under the presence of varying subtropical jet strengths. They found that when the subtropical jet is sufficiently weak and positioned equatorward, growth of transient eddies is favored in regions poleward of the subtropical jet, and resulting in the formation of a midlatitude eddy-driven jet. The opposite happened when the subtropical jet was strong and poleward intruding. The consequent relationship, and one that our hypothesis relies on, is one of an inverse relationship in the strength of the southern subtropical jet and midlatitude eddy-driven jet.
[26] This is what appears to work in our model simulations, at least for the South Pacific. Figure 5a shows the change to the JJA transient eddy activity and the 250 mbar zonal wind difference between BASE and HE over the Pacific sector of the Southern Ocean. The measure of eddy activity used here is the variance of high-passed daily 500 mbar geopotential height. The high pass is done with a simple 24 h difference filter [Wallace et al., 1988] , where the data point for the previous day is subtracted from the present day, at every grid point. Transient eddy activity increases significantly over the span of the South Pacific in the midlatitudes, the increase exceeding 40% of the climatological activity in some parts. There is some suggestion of reduced transient eddy activity in the subtropical latitudes; since transient eddies in the subtropics damp the jet there, the behavior of the eddies is consistent with our interpretation of the subtropical jet changes being driven by changes to the Hadley circulation. Over the course of the season, South Pacific transient eddy activity is increased throughout the year in the midlatitudes (40°S-60°S) but is most pronounced during the austral winter (Figure 5b) .
[27] The seasonal cycle of SH westerlies in present-day climate provides further indication that strength of the subtropical jet is inversely related to the strength of midlatitude westerly jet. In the NCEP-NCAR reanalysis data [Kalnay et al., 1996] , the 250 mbar monthly zonal wind averaged from 1958 to 2009 shows that subpolar (40°S-60°S) zonal westerlies is at its weakest during austral winter months, times when the winter Hadley cell is strongest and the transport of angular momentum and acceleration of southern subtropical jet is at maximum (Figure 6 ). Conversely, the strength of subpolar zonal westerlies increases during seasons when the SH Hadley cell is not dominant therefore a weakened subtropical jet. Nakamura and Shimpo [2004] show the same characteristics of the SH jet structure: upper-level subpolar storm tracks over the South Pacific weaken during the austral winter when the subtropical jet is strong. In contrast to Lee and Kim [2003] however, they interpret the reduced subpolar storm track activity to the trapping of wave activity by the strengthened subtropical jet.
[28] The North Atlantic cooling mechanism suggests that the tropical North Atlantic has been a climate puppeteer manipulating its SH wind marionette, an idea that is consistent with observations that rapid warming in Antarctica and the synchronous deglacial rise in atmospheric CO 2 [Lamy et al., 2007; Ahn and Brook, 2008] . Our results provide a proof of concept of the hypothesis by Anderson et al. [2009] that primarily addressed the topic of deglaciation; but because we applied cold anomaly comparable to observed Heinrich Event I SST change, our result may be better viewed as a Heinrich Event as a possible trigger for the full deglaciation. Indeed, the 20 ppm CO 2 response accounts for only one quarter of glacial-interglacial CO 2 variation, although the response could be as large as 60 ppm depending on how biology responds to changes in the physical and biogeochemical fields. Other mechanisms (e.g., sea level, CO 2 solubility, biological pumps, and calcium carbonate compensation) are necessary to explain the whole glacial-interglacial CO 2 variation.
A Modern-Day Analog?
[29] Interestingly, there may be a modern analog for the climate changes proposed here. Baines and Folland [2007] documented a rapid shift to the global climate in the late 1960s, showing that tropical precipitation in Sahel, Caribbean, and Amazon basin underwent cohesive changes post the late 60s. These precipitation changes are associated with variations in meridional wind field and the strengths of Hadley circulation. In contrasting the 1976-1995 period relative to 1958-1967, they showed that the JJA 200 mbar zonal winds in the subtropical jet near 30°S substantially decreases, and that it was likely driven by a less intensive Hadley circulation after the late 1960s. Coincidentally, this decrease in subtropical jet accompanies an increase in mid- latitude jet [Baines and Folland, 2007, Figure 6] . They hypothesize that the cooling in the Northern Hemisphere since the late 1960s, possibly driven by a weakened North Atlantic thermohaline circulation and/or the increased anthropogenic sulfate emissions, may have been responsible these changes in precipitation and atmospheric circulation changes.
[30] The climate changes described by Baines and Folland [2007] show resemblance to our simulated climate changes. Following this, we further examine the teleconnections in NCEP-NCAR reanalysis across the late 1960s: Figure 7a shows that JJA global surface temperature (with the global mean temperature removed at each location) over the period 1976-1995 generally decreases (increases) in the NH (SH), relative to [1958] [1959] [1960] [1961] [1962] [1963] [1964] [1965] [1966] [1967] . In response to this change in the interhemispheric temperature gradient, the Hadley mass transport weakened by 8% over the same period. Moreover, zonal wind stress in the Southern Ocean increases; and the strength of the SH subtropical jet reduces while the SH midlatitude jet strengthens (Figure 7b ), similar to our simulated climate changes.
[31] Stratospheric ozone depletion also occurred in the 1960s, raising the possibility that the SH wind changes reported above may have resulted from them. We note, however, that stratospheric ozone loss influences SH climate mostly in austral summer when the ozone depletion occurs [Polvani et al., 2011] . Thus, we argue that the austral winter SH wind change of Figure 7b is not due to stratospheric ozone depletion.
Sensitivity of the North-South Teleconnection
[32] We explored the sensitivity of the teleconnection to the SH midlatitude westerlies through additional experiments that varied the strength of the applied North Atlantic cooling. Three additional simulations were done, similar to the HE case but the magnitude of the imposed cooling flux was reduced by two thirds, one third, and one sixth of the HE case. Figure 8 compares the JJA surface wind stress response over the Pacific sector of the Southern Ocean, and the austral winter maximum Hadley mass transport, to the averaged surface air temperature in the North Atlantic across the various simulations. As the North Atlantic gets colder, from BASE toward HE, the winter Hadley cell weakens (Figure 8b ) and the Southern Ocean wind stress increases (Figure 8a ). Of particular interest is the apparent nonlinear behavior of the winter Hadley cell and Southern Ocean wind response to the North Atlantic cooling, a disproportionate fraction of the changes already occur in the simulation where only one sixth of the HE cooling flux was applied. It suggests that the teleconnection to the southern midlatitude westerlies occur even with relatively small cooling in the North Atlantic which is consistent with proxy records that ITCZ shifted southward during the Little Ice Age when Europe experienced relatively small cooling versus Herinch Events [Sachs et al., 2009; Peterson and Haug, 2006] . We note that our model does not account for interactive sea-ice feedback. When sea-ice cover was explicitly predicted, a growth to the sea-ice cover extent may increase the meridional temperature gradient, and thus affect the position and/or strength of the midlatitude westerlies. However, sea-ice cover is a feedback to the SH winds, rather than being central to the teleconnection. Allowing sea ice feedback will allow for a modification to the teleconnection, but unlikely alter the nature of the proposed teleconnection.
[33] Since the model we use, the CCM3-RGO, has a simplified ocean component, the question remains whether or not our proposed teleconnection works in more realistic fully coupled models incorporating a comprehensive ocean model. To address this, we further examine this teleconnection in freshwater hosing experiments with the Community Climate System Model 3.0 (CCSM3.0), previously analyzed by Cheng et al. [2007] . Cheng et al. [2007] investigated the climate adjustments in response to a collapse of Atlantic Meridional Overturning Circulation (AMOC) induced by the sudden introduction of freshwater ("hosing") in the high-latitude North Atlantic. In response to an instantaneous freshening in the high North Atlantic corresponding to 16 Sv yr, the model simulates 3 to 10°C of surface temperature cooling in the midlatitude to high-latitude North Atlantic. Given this, is there a corresponding SH wind response? Figure 9 shows the JJA zonal wind stress changes averaged over years 6-11 after the introduction of freshwater perturbation, showing that the Southern Ocean wind stress increases in these simulations. The magnitude of both surface cooling and wind stress anomalies are less than what we observe in CCM3-RGO, but the characteristics of the wind changes found in the CCM3-RGO, namely, the larger response in the South Pacific and during austral winter, also occur in the CCSM3.0.
[34] Finally, we repeated a similar North Atlantic cooling simulation but using CCM3 coupled to a slab ocean. None of our hypothesized processes depends explicitly on having a dynamical surface ocean, so this model configuration should give a similar response to North Atlantic cooling as the CCM3-RGO. This was indeed the case, although the simulated magnitude of the SH midlatitude wind changes were somewhat weaker in the slab ocean configuration. The similar result between the CCM3-RGO and CCM3-slab ocean simulations lends confidence to the atmospheric mechanisms proposed here.
Summary and Paleoceanographic Implications

Summary of Our Results
[35] Anderson et al. [2009] hypothesized that intensive cooling in the North Atlantic region caused the increased upwelling in the Southern Ocean during the last termination, via an atmospheric teleconnection that links North Atlantic cooling to increased SH westerlies via a southward-shifted ITCZ. In this study, we tested this idea by applying North Atlantic cooling in an atmospheric general circulation model coupled to a reduced-gravity global ocean (CCM3-RGO).
When the North Atlantic in the CCM3-RGO is forced to cool with a magnitude comparable to what occurred during Heinrich Event I, the model responded with a southwardshifted ITCZ and increased Southern Ocean midlatitude surface westerlies. The southern midlatitude wind anomalies occurred at all longitudes and seasons, but were especially pronounced over the South Pacific during austral winter. Furthermore, when we applied these surface wind changes to an Earth system model with a dynamic marine biogeochemistry, it responded by increasing its atmospheric CO 2 by ∼20 ppm, comparable to the increase in atmospheric CO 2 during Heinrich Events 3-6 as recorded by Antarctic ice cores. In the absence of interactive biology, the atmospheric CO 2 increased by ∼60 ppm.
[36] Our analysis of the simulations suggested a two-step mechanism, summarized in Figure 10 , in how the North Atlantic teleconnected its influence to the Southern Ocean climate: (1) in response to the North Atlantic cooling, the tropical ITCZ shifts southward, weakening the southern Figure 7a , the global mean temperature was subtracted from each grid point prior to analysis; this allows for the emphasis to be on interhemispheric differences in the climate. branch of the Hadley circulation; and (2) the weakened southern Hadley cell caused a reduction to the strength of the Southern Hemisphere subtropical jet. The weakened subtropical jet, we argued, is what allowed the eddy-driven SH midlatitude westerlies to increase, invoking a recent theoretical argument on the interaction between the subtropical and eddy-driven jets [Lee and Kim, 2003] . More generally, our proposed connection in point 2 between the Hadley circulation and SH midlatitude westerlies is new; we argued for the plausibility of this connection through present-day analogs. This study also highlights the control that the Northern Hemisphere has on southern midlatitude westerlies, mediating by tropical circulation, in contrast to past paleoclimate hypotheses that the magnitude and position of the southern midlatitude westerlies was controlled by global mean temperature.
The North-South Interhemispheric Climate Connection and the Oceanic Bipolar Seesaw
[37] Our results thus suggest that an atmospheric north-tosouth teleconnection from the North Atlantic to the Southern Hemisphere westerlies is indeed viable. This teleconnection appears capable of providing a dynamical framework to interpret paleoclimate records that indicate an intimate climate coupling between the two hemispheres during the early stages of deglaciation. The onset of rapid warming near Antarctica and the deglacial rise in atmospheric CO 2 associated with poleward shift of southern westerlies coincided with the Heinrich Event I in the North Atlantic [Marchitto et al., 2007; Lamy et al., 2001 Lamy et al., , 2004 Lamy et al., , 2007 . Increase of the Southern Ocean biogenic opal production prior to full deglaciation also corresponds to Heinrich Event I in the NH [Anderson et al., 2009] . Antarctic warming was interrupted (resumed) during warm (cold) periods in the NH [Lamy et al., 2007] . Along with the changes in the southern westerlies, an inferred southward displacement of ITCZ was identified worldwide during times of NH cold anomalies. These records include African lake productivity [Tierney and Russell, 2007] , Asian monsoon precipitation [Wang et al., 2 ) resulting from a CCSM3 "hosing" simulation. The anomalies are computed over years 6-11 of the hosing simulation. The result shows that the Southern Ocean zonal wind stress increases in response to North Atlantic cooling, induced by the collapse of the North Atlantic thermohaline circulation. Yancheva et al., 2007; Cai et al., 2010] , Cariaco Basin rainfall [Haug et al., 2003] and SST [Lea et al., 2003 ], Patagonian river runoff [Sepúlveda et al., 2009] , and Peruvian mountain glacier expansion [Licciardi et al., 2009] . Although the cause for individual events is uncertain, we note that these records indicate a fast response to climate forcing.
2001;
[38] Previous studies of the north-south teleconnection usually invoke the "bipolar seesaw" mechanism, whereby disruptions in North Atlantic Deep Water formation reduce cross-equatorial ocean heat transport, cooling the northern high latitudes while warming the Southern Ocean [Broecker, 1998] . It was also hypothesized that the migrations of Antarctic Polar Front acted as a modulator of the northsouth teleconnection [Bard and Rickaby, 2009; Moreno et al., 2009 Moreno et al., , 2010 . The mechanism presented here emphasizes atmospheric processes in the north-south climate connection, an alternative to the oceanic mechanisms previously advanced. Our mechanism shares a common origin as the bipolar seesaw in that both are consequences of North Atlantic cooling, presumably resulting from changes to the Atlantic Meridional Overturning Circulation (AMOC); the difference is in the way that the influence is broadcast to the global climate. We note that the atmospheric mechanism presented here is consistent with a fast responding SH climate to North Atlantic cooling as suggested by proxy records.
[39] We emphasize, however, that our results do not in any way exclude the influence of the bipolar seesaw. In reality, both teleconnection mechanisms should be operating in the real world, and they may in fact interact with each other. In particular, the warming in the SH predicted by the bipolar seesaw would act to reduce the hemispheric temperature contrast, and thus enhance the atmospheric teleconnection mechanism proposed here. However, the relative roles of each teleconnection mechanism in explaining the paleoproxy observations of Anderson et al. [2009] are still not well understood.
Interhemispheric Temperature Contrasts, Southern Hemisphere Westerlies, and Glacial Terminations
[40] Since Milankovitch proposed the astronomical theory for ice ages, orbital forcing has been central to explaining ice age variations, in particular the timing of its transitions. The traditional view argues for deglaciations to occur when NH summer insolation rises and irreversibly destroys the NH ice sheets; thus, the focus of deglaciations is the Northern Hemisphere. However, Milankovitch forcing alone fails to adequately explain the behavior of Antarctic temperatures and atmospheric CO 2 concentration, both of which are seen to rise after the initial retreat of Laurentide ice sheet Figure 10 . Schematics of the JJA climate in BASE experiment and changes to the JJA climate in HE that illustrate the proposed north-south teleconnection. When the North Atlantic is forced to cool, the CCM3-RGO responded with a southward-shifted ITCZ and increased Southern Ocean midlatitude surface (sfc) westerlies. Other studies have shown that an increase in wind stress leads to a stronger ACC which consequently brings CDW from greater depths. but a few thousand years prior to the major NH ice volume loss that marks the start of Termination I.
[41] Toggweiler and Lea [2010] proposed that there is a second center to deglaciation, namely, the Southern Ocean, and in particular the control that it has on atmospheric CO 2 through ventilating the deep ocean. According to them, the two centers are connected via changes to the interhemispheric difference in temperature, which then alters the position of the Southern Hemisphere westerlies and thus the ventilation. Processes that influence this interhemispheric gradient, namely, changes in the strength of AMOC that modulate the cross-equatorial ocean heat transport in the Atlantic and changes to insolation driven by precessional changes to Earth's orbit, control the behavior of this second center. In particular, strong insolation in SH summer reduces the hemispheric temperature contrast by warming the SH, which shifts the southern westerlies southward that then spins up the AMOC, ultimately cooling Antarctica. In contrast, millennial stadials reduce the temperature contrast between the hemispheres by cooling the NH and shifts the SH westerlies southward when the AMOC is suppressed; Antarctica warms and CO 2 is vented up to the atmosphere. In this view, ice age terminations were in fact giant millennial events, forced by precession. A warmer NH summer in the presence of a large ice sheet leads to substantial melting that then freshens the North Atlantic, effectively shutting down the AMOC, and leading to the interhemispheric processes.
[42] Our results speak directly to this link between the interhemispheric temperature contrast and the Southern Hemisphere westerlies. Both Anderson et al. [2009] and Toggweiler and Lea [2010] view the north-south shift of the southern westerlies as a natural consequence of a northsouth shifting Hadley circulation. Quoting Toggweiler and Lea [2010] , "our claim, following Anderson et al. [2009] , is that a colder North Atlantic caused the ITCZ and the trade winds to shift from their usual northern positions toward the equator and the south. The southward displacement in the tropics then led to a more poleward position for the westerly band further south. " Our work suggests that this view is too simplistic and perhaps even incorrect in parts. In our view, the change to the westerlies found in our simulations is not so much a shift to the north-south position, but rather a modulation of the relative strengths of the subtropical and midlatitude eddy-driven jets. A distinction between the two types of jets has to be made, since they have different characteristics and different driving forces. A weakening of the subtropical jet and subsequent strengthening of the midlatitude eddy-driven jet does result in a southward shift of the maximum surface westerlies, but it is not a result of a wholesale southward shift of the westerly band. We also note that our results do not rule out a change to the mean position of the SH westerlies.
[43] Spatial variations and seasonality also matter. In this regard, it is striking that the increases to the southern midlatitude westerlies we found in our simulations occurred when and where they are the weakest in the climatology, namely, over the South Pacific (where the westerlies are distinctly weaker than over the other longitudes), and during the austral winter (JJA; see Figure 6 ). The westerlies outside the South Pacific, and in seasons other than JJA, tend to be remarkably uniform in strength. It suggests that there is something special about the westerlies in the South Pacific, and in particular JJA, that may speak to our problem. Perhaps because the westerlies are weaker there, they have the potential to increase in magnitude. We also note that the imposed year-round cooling in the HE experiment differs from the seasonality in the cooling over the North Atlantic during Heinrich events as inferred from some proxy records. Cooling over Greenland during abrupt climate changes in the North Atlantic during the last glacial period were most pronounced during the wintertime [Denton et al., 2005] . However, our proposed north-south connection via the tropical Hadley circulation is primarily addressed to the boreal summer (and austral winter) climate. The climate response to wintertime North Atlantic cooling will be addressed in a future study.
[44] Our analysis did not focus on the impact of precessional forcing on the SH westerlies, but we briefly examined this claim through two additional simulations, imposing orbital changes corresponding to 11,000 years B.P. and 21,000 years B.P., respectively. The former has precessional changes leading to increased NH summer insolation, while the latter imposes reduced NH summer insolation. A cursory comparison between the two experiments (11,000 years BP minus 21,000 years BP) showed that the ITCZ in fact shifts southward (slightly northward) during boreal winter (summer) and the SH westerlies response is very modest in both seasons (not shown). In the annual mean, the ITCZ shifts southward when the northern summer insolation was at a minimum which agrees with paleoclimate record in Cariaco basin [Haug et al., 2003] , modeling result and with the concept illustrated by Toggweiler and Lea [2010] . In response to precessional changes, the CCM3-RGO predicts the SH surface wind stress strengthens over South Pacific between 40°S and 60°S by up to 0.05 N/m 2 during DJF (11,000 years BP minus 21,000 years BP), an order of magnitude weaker than in our North Atlantic cooling simulations (HE minus BASE).
